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Abstract 
Daily commutes can contribute to high exposure to urban air pollutants, such as particulate matter (PM10 and PM2.5). 
Since individuals are inevitably exposed to PM concentrations, it is crucial to study which transport modes present 
highest health impacts on users in order to provide different and healthier options for daily commutes. 
For the purpose of estimating PM inhaled doses, this research relates pedestrians’ ventilation rate and ambient PM 
concentration. The methodology consists on collecting data regarding PM concentrations on a second-by-second 
basis, using a portable laboratory, which is comprised by a PM analyzer and a laptop. The ventilation rates were 
found in the literature and adapted according to the intensity of the physical effort during the measurements. 
PM10 and PM2.5 concentrations were measured and compared across different microenvironments, such as walking, 
train, bus, mini-bus, tram and subway modes during off-peak hours based on a pre-selected round trip route in 
Lisbon, Portugal. Air quality data was also collected close to a fixed air quality monitoring station which is part of 
the round trip route, in order to have a reference PM concentration. A comparison of the different 
microenvironments based on the values obtained close to the fixed air quality station was made for PM 
concentrations and PM inhalation (which combines PM concentration with the physical effort). 
For this case study, results showed that the tram had higher PM10 concentrations and inside the subway higher PM2.5 
concentrations, whilst the train ride had the lowest for both parameters. When considering the inhalation, the results 
were similar. The tram microenvironment had the highest PM10 inhalation while inside the subway train presented 
the highest PM2.5 inhalation. Even though the pedestrian microenvironment is the one with the highest ventilation 
rate, its low PM concentration leads to a low inhalation value, which proves the importance of considering both 
concentrations and ventilation. 
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1. Introduction 
Air pollutants, such as particulate matter (PM), can cause negative health effects on those who are exposed, 
including a variety of cardiovascular and respiratory diseases, reduced life expectancy and also mortality (Russell 
and Brunekreef, 2009). Road vehicles, through fuel combustion, are a great PM emitter, which contributes to a more 
polluted urban environment. In Lisbon, motorized modes represent around 82 per cent of the daily trips (INE, 2012). 
Even though non-motorized modes (walking and cycling) are more environmentally friendly, commuters are 
subjected to high PM concentrations and also to high inhalation rates, due to the higher physical effort (Nazelle et 
al., 2012). 
Even though air pollutant emissions per vehicle have been decreasing throughout the past decades (due to 
vehicles manufacturing restrictions), concentrations are still too high, especially in urban areas, where 54 per cent of 
the world’s population lives (EEA, 2014; UN, 2014). Estimates show that 7 million premature deaths per year are 
linked to air pollution (WHO, 2014). Thus, since individuals are inevitably exposed to PM concentrations, it is 
important to study this question in order to provide individuals with healthier choices for daily commutes. 
Population exposure to air pollution in urban areas has been studied by several authors over the last years. These 
studies focus on commuters’ exposure and many of them consider different transport modes as an influential factor 
(Int Panis et al., 2010; Jiao and Frey, 2013; Kam et al., 2011; Martins et al., 2015; Saksena et al., 2008; Tsai et al., 
2008).   
Jiao and Frey (2013) compared PM exposure across three different transport microenvironments (pedestrian, car 
and bus), with measurements conducted within one and a half hour time period on pre-selected round trip routes in 
Raleigh, North Carolina. The study showed that the highest PM2.5 concentrations were found in bus and pedestrian 
modes in comparison with the car mode. Only PM concentrations and travel-time were considered in this study, not 
the ventilation rates of the user in the different microenvironments. 
Int Panis et al. (2010) compared car passengers and cyclists exposure to PM in three Belgium locations (Brussels, 
Louvain-la-Neuve and Mol). PM2.5 and PM10 concentrations were measured as well as ventilatory parameters, such 
as minute ventilation (VE). The relation between these concentrations and VE allowed the estimation of PM 
inhalation, concluding that due to cyclists’ higher ventilation rates when compared to car passengers, the inhaled 
doses are also higher. 
Tsai et al. (2008) estimated commuters’ exposures to PM while traveling by motorcycle, bus, car and mass rapid 
transit (MRT) in Taipei, Taiwan. They found that motorcycle commuters were exposed to higher concentrations of 
PM10, PM2.5 and PM1. Even though this mode had the shortest travel time among all the transport modes, proximity 
to traffic emissions and stops at traffic lights are factors that highly contribute to a person’s high PM exposure 
during daily commutes. 
Gómez-Perales et al. (2007) studied commuters’ exposure to PM2.5 while traveling by mini-bus, bus and metro in 
Mexico City, stating that, even though mini-bus and bus modes had similar concentrations of this air pollutant, mini-
bus had the highest concentrations. It was also concluded that wind speed was an important determinant of 
exposure. 
Martins et al. (2015) stated that the PM concentrations inside the trains were lower than those on the platforms, 
mainly due to air conditioning systems operating on the trains, whose air filters highly reduced concentrations. 
However, Kam et al. (2011) had opposite results, suggesting that concentrations inside the trains were higher than 
those on the platform, as a result of airborne PM at stations being the main source of PM inside the trains.   
Due to the importance of this thematic several studies have developed research regarding PM exposure. 
However, studies for the city of Lisbon considering several transport modes are non-existent. Additionally, the PM 
pollution assessment is extremely dependent on the case study in analysis. Therefore, the aim of this research is to 
compare different transport microenvironments in a round trip route around Lisbon, Portugal, taking into account 
PM concentrations and inhalation doses. The work is based on field measurements using a portable laboratory that 
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measures PM2.5 and PM10 concentrations on a second-by-second basis. Inhalation were estimated through typical 
ventilation rates found in the literature, adapted to the intensity of the physical activity during the measurements. 
 
Nomenclature 
PM Particulate Matter 
VE  Minute ventilation 
 
2. Methodology 
To achieve the purpose of this study, a portable laboratory was used to acquire experimental data regarding PM 
concentration. A detailed description of this methodology and the laboratory itself is provided in this section.  
PM inhalation depends on PM concentration, trip time during which the pedestrian is exposed to the ambient and 
also pedestrian minute ventilation, which in turn depends on the physical effort. It can be estimated by equation (1). 
 
3 3[ ] [ / ] [ / min] [min]inhalation concentrationPM g PM g m VE m timeP P u u  (1) 
 
This approach was used in order to analyze the impact that different transport microenvironments have on human 
health, more specifically, regarding particulate matter inhalation. A round trip route in Lisbon was selected to 
measure PM concentrations across eight different transport microenvironments: pedestrian, fixed air quality 
monitoring station, train, bus, mini-bus, tram, subway platform and inside the subway. According to literature (Kam 
et al., 2011; Martins et al., 2015), different conditions can be met whether at the subway station platform or inside of 
the subway carriage, thence the differentiation of the subway system in two different microenvironments. Regarding 
the fixed air quality monitoring station, a 10 minute sampling was performed next to it. As for the other 
microenvironments, only the time spent inside the different transport modes was considered. 
PM concentrations were registered close to the fixed air quality monitoring station, at the same day and time of 
the measurements, and were used as reference values. A ratio between average PM concentrations measured for the 
transport microenvironments and average PM concentrations obtained on the fixed air quality monitoring station 
was used. This allows to minimize the impact of daily variations, considering both traffic and meteorological 
conditions, enabling the comparison between the different microenvironments. 
The round trip route and each microenvironment are represented in Fig. 1. 
 
 
Fig. 1. Round trip route in Lisbon (different colors correspond to the division of the different microenvironments) (Source: Google Earth). 
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The route has a length of approximately 23 km and took on average 2 hours to perform the total trip. It was assured 
that every measurement had a maximum of 2.5 hours, in order to ensure that the weather and traffic conditions were 
not very variable. The measurements were also performed on weekdays, from Monday to Friday, during off-peak 
hours (10h-12h30 in the morning and 14h-16h30 in the afternoon) to avoid the changes in traffic conditions, either 
geographically or in terms of weekdays. Traffic on morning periods on Mondays and afternoon periods on Fridays is 
influenced by weekend traffic patterns, therefore these periods were not considered for this analysis. Additionally, 
due to a very typical fair (Feira da Ladra) occurring in part of the area where the mini-bus circulates, it was not 
possible to perform any measurements on Tuesdays. On these days traffic is not allowed and therefore the mini-bus 
does not circulate. Regarding the car, it was not considered due to methodological constraints. In order to include 
the car mode, an additional volunteer would be required to drive the vehicle. 
Fourteen measurements with eight microenvironments each were performed between October 2014 and March 
2015. However, not all microenvironments had valid data due to equipment malfunction. Table 1 presents the 
number of valid microenvironments for each measurement. Additionally, during the months of December, January 
and February, the weather conditions were significantly different from those of the other measurements, which 
implied that some transport modes, namely the bus and mini-bus, had different operating conditions regarding air 
circulation inside the vehicle. Consequently, the measurements performed in those months had a different behavior 
in comparison with the other measurements, thus, those measurements were not considered in the analysis.  
Meteorological data (temperature, relative humidity, wind speed) was also collected for each measurement in 
order to guarantee the quality of the data, with wind speed values below 24 km/h and also relative humidity below 
70%, indicated by the manufacturer as a minimum to ensure proper measurement by the analyzer (Table 1). 
 
Table 1. Meteorological data and number of valid microenvironments. 
Day of measurement Temperature [C˚] Humidity [%] Wind speed [km/h] Valid microenvironments (out of 8) 
02/10/2014 28.8 49.2 12.7 8 
03/10/2014 29.0 42.5 8.4 8 
20/10/2014 27.3 51.5 19.2 5 
23/10/2014 22.4 44.9 14.8 8 
24/10/2014 26.0 45.9 13.5 8 
29/10/2014 24.3 63.3 12.7 8 
03/12/2014 14.6 65.4 16.2 4 
26/01/2015 14.6 64.3 19.8 2 
18/02/2015 15.1 47.1 23.3 4 
19/02/2015 12.3 62.9 20.4 2 
04/03/2015 20.7 43.7 23.5 7 
06/03/2015 14.7 46.4 16.9 8 
11/03/2015 19.7 54.3 8.5 8 
16/03/2015 15.4 47.1 11.7 6 
 
 
Data acquisition, regarding PM concentrations, was made using a portable laboratory – MoveLab - represented in 
Figure 2. It consists of a 40-liter backpack, weighting around 6 kg, with a built-in structure where a laptop, 
connector cables and a PM analyzer were placed, for the purpose of stably accommodate all equipment and enabling 
safe operational conditions. The portable computer runs a LabVIEW application, which allows data collection on a 
second by second basis (Faria et al., 2014). 
A GRIMM 1.101 Dust Monitor (GRIMM Aerosol Technik GmbH & Co. KG, Ainring, Germany) was used for 
PM concentration measurement. This equipment measures continuously particulate concentration (counts l-1) or 
mass concentration (μg m-3), being the last the most suitable for this study. Prior to the measurements, this device 
was calibrated according to manufacturer’s standards and validated close to a fixed air quality monitoring station. 
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a 
                
  Fig. 2. (a) MoveLab (1 – PM analyzer; 2 – Laptop); (b) User. 
Ventilation rates were obtained in the literature (USEPA, 2009), using a rate of 22.93 l/min for moderate 
intensity activities (across pedestrian mode) and a rate of 10.55 l/min for light intensity activities (across train, bus, 
mini-bus, tram and subway modes). The difference is due to the physical effort, which is higher while walking than 
across the other modes, where the user usually sits down or stands. 
3. Results and discussion 
Fig. 3 shows the relation between measurements made with the MoveLab and by the fixed air quality monitoring 
station, in order to validate the experimental analysis. Both graphs show a good correlation between the 
measurements performed by the air quality monitoring station and by the analyzer. Even though the air quality 
monitoring station and the analyzer have different measurement methods (gravimetric and light scattering, 
respectively), the regressions evidence that the data collected with the analyzer has the same trend of the data 
collected by the air quality monitoring station. 
 
Fig. 3. (a) Regression chart for PM10; (b) regression chart for PM2.5 
 
 
1 
2 
b 
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For this analysis, 14 measurements were performed in order to acquire data regarding PM10 and PM2.5 
concentrations for the microenvironments considered. Fig. 4 and Fig. 5 are examples of the typical results extracted 
from the measurements.  
 
 
Fig. 4. Example of a PM10 measurement during March 6th, 2015 
 
Fig. 5. Example of a PM2.5 measurement during March 6th, 2015 
In Fig. 4 the horizontal line shows the 4-hour average EU limit value, allowing to conclude that on the majority 
of the time PM10 concentrations are below the limit value. Only a few peaks exceed the daily limit established by the 
EU. 
Fig. 5 shows a gap between the bus and mini-bus mode, which corresponds to the waiting time for the mini-bus. 
However, as mentioned in the previous section, only the trip time inside the different transport modes is considered, 
which also explains the lower trip duration (usually each measurement lasted at least 2 hours) (Fig. 4 and Fig. 5). 
At the beginning of the measurement, one can see that the pedestrian mode shows the lowest PM concentration 
values, reaching the maximum values during the tram microenvironment for PM10 and inside the subway for PM2.5.  
PM10 concentrations for each analyzed microenvironment are shown in Fig. 6, being the train the one with the 
lowest concentration and the tram with the highest, followed by the subway system (subway platform and inside the 
subway) and the mini-bus. A possible cause for the high PM10 concentrations inside the tram is the fact that almost 
all the trips occurred with the windows open, which allowed the outside air, polluted by the traffic, to enter the 
vehicle, thus increasing PM10 concentrations. Even though the bus, mini-bus and tram all are road surface transports, 
the first two transport modes present lower PM10 concentrations possibly due to the more recent vehicle technology, 
with filtered air circulation, and also because the windows were usually closed.  
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Fig. 6. PM10 measured concentrations and its variability in all microenvironments 
Fig. 6 also shows the concentrations variability, being the mini-bus the one with the highest variability. The 
measurement performed on October 3rd 2014 had an average PM10 concentration approximately 4 times higher than 
the other measurements. The fact that this was a warm day with low wind speeds may have led to this higher PM 
concentrations. However, the value was not considered an outlier since the concentrations increased gradually until 
reaching the peak, then decreasing also gradually, which represents a similar trend when compared to the other 
measurements. This value is a great contribution for the high concentration variability concerning the mini-bus 
mode. 
Fig. 7 presents the ventilation rate, PM10 concentration and inhalation for each microenvironment, concerning all 
measurements. Ventilation rates highly influence the inhalation values, as evidenced by the pedestrian mode. Even 
though this microenvironment has the second lowest concentration, the high ventilation rate increases significantly 
the inhalation value. 
 
 
Fig. 7. PM10 concentration, inhalation values and ventilation rates for each microenvironment 
Apart from the pedestrian mode, all microenvironments have the same ventilation rate. Considering this, the 
modes with higher concentrations will present higher inhalation values, which is the case of the tram 
microenvironment (PM10 concentrations 2.8 times higher than the pedestrian mode and 2.4 times higher than the 
440   Maria João Ramos et al. /  Transportation Research Procedia  10 ( 2015 )  433 – 442 
monitoring station), leading to the highest inhalation value of all microenvironments. Since the train mode has the 
lowest concentration, it also presents the lowest inhalation value. 
Fig. 8 shows the PM2.5 concentrations for each microenvironment analyzed, being the train the one with the 
lowest concentration and inside the subway the one with the highest, followed by the subway platform. PM 
concentrations in underground stations is mainly generated within the subway system, due to the motion of the 
subway (abrasion and wear of rail tracks, wheels and braking pads, etc.) (Martins et al., 2015). This study showed 
similar results to Kam et al. (2010), presenting higher PM2.5 concentrations inside the subway than at the platform. 
The subway station analyzed has active ventilation, just as the subway itself. However, the ventilation system inside 
the subway uses air not only from the platforms but also from the tunnels (washed only every 2 years), which could 
justify higher PM2.5 concentrations inside the subway. 
Concentrations variability is also shown in Fig. 8, being the subway system (subway platform and inside the 
subway) the one with the highest variability. One of the reasons that could explain the high variability inside the 
subway is the ventilation of the vehicle, which air circulation has 3 possible modes: off, minimum and maximum. 
The used mode depends on the temperature inside the subway, whose control could be automatic or in charge of the 
driver. Since it was impossible to control or verify when the ventilation was on or off during the measurements, this 
could be a possible reason for the high variability inside the subway. 
 
 
Fig. 8. PM2.5 measured concentrations and its variability in all microenvironments 
Fig. 9 presents the ventilation rate, PM2.5 concentration and inhalation for each microenvironment, concerning all 
measurements. Inside the subway, one can find a PM2.5 concentration 3.2 and 3.3 times higher than the pedestrian 
mode and the monitoring station, respectively. As in the PM10 analysis, the train mode also has the lowest 
concentration, presenting the lowest inhalation value. 
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Fig. 9. PM2.5 concentration, inhalation values and ventilation rates for each microenvironment 
 
4. Conclusions 
PM concentrations have been measured in a pre-selected round trip route in Lisbon in order to compare different 
transport microenvironments (pedestrian, fixed air quality monitoring station, train, bus, mini-bus, tram, subway 
platform and inside the subway) and analyze their impact on human health.  
For the Lisbon case study, this study showed that the train had the lowest relative PM10 concentrations whilst the 
tram had the highest (2.8 and 2.4 times higher than the pedestrian mode and the monitoring station, respectively). 
Concerning PM2.5 concentrations, the train maintained the lowest relative concentrations whilst inside the subway 
one could find the highest (3.2 and 3.3 times higher than the pedestrian mode and the monitoring station, 
respectively). The tram microenvironment had the highest PM10 inhalation while inside the subway train had the 
highest PM2.5 inhalation. Even though the pedestrian microenvironment is the one with the highest ventilation rate 
(22.93 l/min in comparison with 10.55 l/min for the other microenvironments), its low PM concentration leads to a 
low inhalation value. 
Considering the results obtained in this study, with the train microenvironment presenting lower concentrations 
and lower inhalation values for both PM10 and PM2.5, it should be chosen, whenever it is possible, for daily 
commuting. Regarding the pedestrian mode, although it presents low PM concentrations, the high VE increases 
substantially the inhalation, which proves the importance of considering both concentrations and ventilation.  
Since this study used average VE values, it would be a great improvement to measure real ventilation rates that 
would reflect the real physical effort of commuters. For the pedestrian mode, it would also be a great contribution to 
compare the health benefits of active travel against the health costs associated with air pollutant exposure. Higher 
number of measurements, rush-hour measurements and analysis of other case study routes are also relevant aspects 
that could improve the representativeness of this study. 
In conclusion, this study reveals important data that can help transportation users to choose, if there is an option 
available, for the best mode in order to minimize the health impacts of PM inhalation. 
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